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The advantages of homogeneous combustion in internal combustion engines are well known all over the 
world. Recent years, porous medium (PM) engine has been proposed as a new type engine based on the 
technique of combustion in porous medium, which can fulfils all requirements to perform homogeneous 
combustion. In this paper, working processes of a PM engine are briefly introduced and an ideal thermo¬ 
dynamic model of the PM heat regeneration cycle in PM engine is developed. An expression for the rela¬ 
tion between net work output and thermal efficiency is derived for the cycle. In order to evaluate of the 
cycle, the influences of the expansion ratio, initial temperature and limited temperature on the net work 
and efficiency are discussed, and the availability terms of the cycle are analyzed. Comparing the PM heat 
regenerative cycle of the PM engine against Otto cycle and Diesel cycle shows that PM heat regenerative 
cycle can improve net work output greatly with little drop of efficiency. The aim of this paper is to predict 
the thermodynamic performance of PM heat regeneration cycle and provide a guide to further investiga¬ 
tions of the PM engine. 

© 2008 Elsevier Ltd. All rights reserved. 


1. Introduction 

The development of internal combustion (IC) engines has 
achieved a high level of success in the last century. Recent research 
of IC engines has been motivated by the desire to preserve a clean 
environment and to reduce energy consumption. Reducing exhaust 
emissions and increasing the fuel efficiency of internal combustion 
engines are of global importance. Currently, homogenous charge 
compression ignition (HCCI) engines are being actively investi¬ 
gated worldwide as they can achieve efficiencies close to that of 
diesel engines and, at the same time, with low levels of oxides of 
nitrogen (NO*) and particulate matter emissions [1]. Despite many 
advantageous features of HCCI combustion, it still fronts some 
challenges including higher hydrocarbon (HC) and carbon monox¬ 
ide (CO) emissions, the control of ignition timing and combustion 
rate and expanding operating range, especially if variable engine 
operational conditions are considered [2]. In this respect, the 
new concept of the so called porous medium (PM) engine, based 
on the regenerative or super-adiabatic combustion in porous med¬ 
ium, offers new ways in dealing with these problems. Recently, the 
PM engine has received more and more attention from numerous 
researchers because of its potential for producing homogeneous 
mixtures and reducing NO* and soot emissions [3,4]. 
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The technique of premixed combustion within porous media 
has been studied intensively and applied to steady combustion 
with great successes over the past decades [5,6]. Consequently, 
the technique has been then extended from gaseous to liquid fuels 
and from steady to unsteady combustion. Liquid vaporizing com¬ 
bustion in porous medium burner has fine flame stability and char¬ 
acteristic of low emission, which has been proved by experimental 
and numerical research [7-10]. On this basis, the new concept of 
controllable combustion in porous media for internal combustion 
engine was suggested and developed. Durst and Weclas [11] pro¬ 
posed two designs of the PM engine, in one of which a porous med¬ 
ium combustion chamber is mounted in the engine cylinder head, 
fuel is injected into the porous medium volume, and consequently, 
all combustion events, i.e. fuel vaporization, fuel-air mixture for¬ 
mation and homogenization, internal heat recuperation, as well 
as combustion reaction occur inside the porous medium. In order 
to prove the feasibility of PM engine, they modified a single-cylin¬ 
der, air cooled diesel engine to incorporate a porous medium reac¬ 
tor in the cylinder head and operated it as a PM engine (Fig. 2). The 
engine was operated for several hours without any damage to the 
PM material or showing any uncontrolled operations, unfortu¬ 
nately, the detailed results was not published in any literature. 
Hanamura [12] designed a reciprocating heat engine, which is sim¬ 
ilar to a Stirling engine with super-adiabatic combustion in porous 
media. One-dimensional numerical simulations showed that the 
thermal efficiency of the engine reached to 57.5% under even very 
low compression ratios between 2 and 3, which are much lower 
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than those of conventional Otto and Diesel cycles. Weclas [13] pro¬ 
posed a strategy for development of intelligent combustion sys¬ 
tems for IC engines, whose essence was a new concept for 
mixture formation (MDI - mixture direct injection) and homoge¬ 
neous combustion based on the Porous Medium technology. Macek 
[14] analyzed the possibilities of homogeneous combustion 
achieved by porous medium with limited temperature, and found 
thermodynamic limits of a new cycle with PM combustion using 
high flame stability and fast burning at comparatively low temper¬ 
atures and the potential of internal heat regeneration. 

The objective of this paper is to investigate the PM heat regen¬ 
erative cycle in a PM engine and evaluate its thermodynamic per- 
formance.The engine is derived from one of the designs of Durst 
[11] and the analysis is based on general idealized cycle model. 
An ideal thermodynamic model for the cycle of PM engine is pre¬ 
sented to evaluate effects of various working parameters on the 
thermodynamic performance of the PM engine. The ideal model 
of the PM heat regenerative cycle is according to the concept of 
PM engine advanced by Durst and Weclas [11,13] and has been 
validated by comparison with the analysis Macek [14,15]. 

2. Principle and theoretical model of the PM engine 

2.1. Principle of the PM engine 

The PM engine is here defined as an internal combustion engine 
with a highly porous medium chamber mounted on the cylinder 
head (Fig. 1). The PM chamber is thermally isolated from the head 
walls and equipped with a valve permitting a periodic contact be¬ 
tween the PM-chamber and the cylinder volume. 

Fig. 1 shows the complete working cycle of the PM engine ad¬ 
vanced by Durst [11], and the view of the PM engine head with 
SiC reactor is shown in Fig. 2. Near the TDC the intake valve opens 
and flesh air flows into the cylinder, the valve of the PM-chamber 
keeps closed and the PM volume containing fuel vapor has no con¬ 
tact with the flesh air during intake and compression stokes. At the 
end of compression The valve of the PM-chamber opens and the 
compressed air flows from the cylinder into the hot PM-volume, 
generating a highly turbulent flow condition. As a result, very fast 
mixing of the vaporized fuel and compressed air occurs in the PM- 
chamber. The mixture receives enough heat from the hot PM and is 
then auto-ignited in the entire PM-volume. The resulting flame 


passes through the porous matrix with a high velocity and a com¬ 
plete combustion takes place in the PM-chamber. During the com¬ 
bustion process, the heat being released is absorbed by both 
working gas and PM-volume.The valve of the PM-chamber remains 
open until the end of the expansion stroke and fuel is then injected 
in the PM-volume after closing the valve. The process of vaporiza¬ 
tion in PM-volume continues throughout exhaust, intake and com¬ 
pression strokes. The large specific PM surface area and excellent 
heat transfer in the PM-volume as well as the long time available 
for fuel vaporization make the liquid fuel vaporization very fast 
and complete. The cylinder and the PM-chamber keep separated 
during the exhaust processes, which is same with conventional 
DI engines. 

The valve of the PM-chamber switches on and off one time each 
cycle and the PM-chamber periodically contacts with working 
fluid. The PM absorbs heat during combustion period and releases 
it at the end of the next compression process. 

The formation of homogeneous mixture and 3D-thermal self¬ 
ignition in the PM-volume create a realizable condition for homo¬ 
geneous combustion, which is almost independent of the engine 
load. Furthermore, the heat recuperation in PM may be used for 
heating up the compressed air and controlling the combustion 
temperature level. 

2.2. Idealized thermodynamic modeling of porous medium engine 

To conduct an ideal cycle analysis of the PM engine, three 
essential assumptions were adopted in this study, which have been 
used commonly in researches on conventional engines and on the 
homogeneous combustion within porous medium [11]. 

(1) The heat capacity of porous medium is much larger than 
that of gas, thus the temperature of porous medium can be 
regarded as constant and not affected by the heat exchange 
between the porous medium and the working gas. 

(2) Heat losses via the piston, cylinder wall and PM-chamber 
are neglected. The compression and expansion processes realized 
were considered adiabatic. 

(3) There are no time elapses during the thermal coupling 
between the PM-volume and the cylinder. This means the heat 
transfer between porous medium and the work gas is completed 
instantaneously. 




TDC 

Ignition and 
combustion 



Expansion BDC 


Exhaust 


Fig. 1 . Principle of the PM engine proposed by Durst. 


Under these assumptions, an idealized thermodynamic cycle 
with PM heat regeneration in the PM engine can be described with 
Fig. 3 which presents P-V and T-S diagrams for the heat regenera¬ 
tion cycle of the PM engine (l-2-3-3'-4-l) and for a conventional 
Otto cycle (l-2-3-4'-l) and Diesel cycle (l-2-3'-4-l) under the 
same temperature limits, respectively. For the PM heat regenera¬ 
tion cycle, line 1-2 is isentropic compression process, which is 
same as in the Otto cycle and Diesel cycle in Fig. 3. Heat regenera¬ 
tion process begins at the end of compression when the PM cou¬ 
ples with the cylinder and the whole process proceeds so fast 
that it can be modeled as a constant volume process (2-3). The 
mixture filled in the PM-volume obtains sufficient heat from the 
porous medium during the heat regenerative process and, conse¬ 
quently, is self-ignited at TDC. Since the porous medium has very 
large heat capacity, the combustion in PM scarcely increases the 
temperature of the cycle. Hence the temperature of working fluid 
remains also nearly constant during the combustion in porous 
medium. Thus the combustion can be considered as an isothermal 
heating process (3-3').The expansion process is an isentropic one 
(3'-4), which is identical with the Diesel cycle; and the exhaust 
process (4-1 ) is an isochoric one, which is same with the Otto cycle 
(4'-l). 
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Fig. 2. View of the PM engine head and SiC reactor. 



1— 2—3—4 r — 1 Otto cycle 

1—2—3 —4—1 Diesel cycle 


Isobar 



1 —2—^3—3^—4—1 PM heat regeneration cycle 
\—ci—3'—4—\ Ideal PM heat regeneration cycle 


Fig. 3. Comparison of Otto, Diesel and PM heat regeneration cycle. 


The main difference between the PM heat regeneration cycle 
and an Otto cycle is that in the PM heat regeneration cycle the heat 
absorbed by working fluid is from the porous medium volume dur¬ 
ing the process 2-3' as well as from combustion reaction during 
the process 3-3', while in the Otto cycle it is only from combustion 
during process 2-3. The original isochoric heating process (2-3) in 
the Otto cycle is replaced now by a combination of an isochoric 
heat regeneration process (2-3) and an isothermal heating process 
(3-3'). The net work done in the Otto cycle is characterized with 


the area l-2-3-4'-l. In the case of the PM heat regenerative cycle, 
the work is represented by the area l-2-3-3'-4-l, which has a po¬ 
tential work gain corresponding to the area 3-3'-4-4'-3. 

We use ratios between state parameters during compression 
and heating processes as essential variables to describe the work¬ 
ing cycle. The compression ratio s and the expansion ratio p are de¬ 
fined as e = vilv 2 = v 4 lv 3 and p = v'~ 3 /o 3 , respectively, where v is 
the volume of the working fluid in the cylinder. The pressure in¬ 
crease ratio is introduced as 2 = p 3 /p 2 where p is the pressure of 
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the working fluid in the cylinder. With given initial values of pres¬ 
sure pi and temperature Ti, the PM heat regenerative cycle in PM 
engine can be determined by e, A and p. 

Based on the model described above, relationships of character¬ 
istic temperatures can be expressed as follows: 

T 2 = T^- 1 -, r 3 = /le k_1 Ti; r' 3 = T 3 ; T 4 = = T 3 (p/E) k ~' 

0) 

where T, is the working fluid temperature at the state (i). 

The heat added per unit mass of working fluid for the PM heat 
regenerative cycle is 


2.3. Limit conditions for the PM heat regenerative cycle 

There are two extreme conditions for the PM heat regenerative 
cycle: 

1. As shown in Fig. 3, When p = 1, point 3'-shifts to Point 3 along 
the isothermal line and the PM heat regenerative cycle switches to 
the Otto cycle. Substituting p = 1 into Eqs. (3) and (4) yields the net 
work output and efficiency of Otto cycle, which have already been 
proved validated 

w = c„[(i-£ k - , )r 3 + r 1 (i-s 1 - k )] (9) 

>7 = 1- e l ~ k (10) 


Qin = Q2-3 + Q 3 - 3 ' = C„(I 3 - T 2 ) + RT 3 In g) ( 2 ) 

where C D is the specific heat at constant volume, R is the gas con¬ 
stant of the working fluid, R = C p - C D = (k - 1 )C V ,C P is the specific 
heat at constant pressure and k is the ratio of specific heats, 
k = C P IC V . C v , R and k are assumed to be constants. The net work out¬ 
put per cycle is 

W = W 2 -3 + W 3 _y + W4-1 

= C d (T 3 - T 2 ) + RT 3 ln(Vy/V 3 ) + 0,(7! - T 4 ) (3) 


By substituting the temperature relationships (1) into Eqs. (2) and 
(3), the heat added and the net work output per cycle are trans¬ 
formed into 

Q in = Qr, + (k - 1 )T 3 In p - 7-ifO 1 ] (4) 

W = 0{(1 - e fc_1 )T 3 + [(k- l)lnp - (jo/e) k_1 + 1] • T 3 } (5) 

The cycle efficiency for the PM heat regenerative cycle l-2-3-3'-4- 
1 is 

, = 1 _ msT-h _ 

' T 3 -74s*- 1 +(k- 1)T 3 In p 1 ; 

With same method, the net work output per cycle and the cycle effi¬ 
ciency for Diesel cycle can be expressed as 

w = c 0 {T , - kT 1 s k - 1 + r 3 [fc - (T 3 /T 1 ) k “ 1 £ fe(1 - k) ]} (7) 



In the model analysis mentioned above, the cycle of PM engine is 
identical with the analytical model of Macek [14] and the analysis 
is based on general idealized cycle model of classical thermody¬ 
namics. However, there are still some questions in the model: For 
a practical cycle, the necessary requests for the realization of the 
auto ignition in the PM reactor such as the minimum of compres¬ 
sion ratios and initial temperature are not discussed. Besides, the 
temperature of porous medium is mainly decided by the heat 
transfer in porous medium, which is effected by the volume heat 
transfer coefficient and time elapsed. Therefore, the temperature 
of porous medium will change even for a large heat capacity, i.e. 
the heating process is merely approximated to isothermal process. 
In the ideal model, the irreversible changes are not taken into ac¬ 
count, e.g. heat loss between the working fluid and cylinder wall, 
and the friction loss of the piston. Moreover, heat transfer from por¬ 
ous medium to gas especially during early compression and late 
expansion or even exhaust will cause the loss of energy, which 
should be taken into account by experiments or more detailed cycle 
simulation. 


2. With the increasing of compression ratio, as in Fig. 3, point 2 can 
reach to isothermal line (3-3') along isentropic line (1-2). As X = 1, 
i.e. the isentropic line extend till to point a, the PM heat regenera¬ 
tive cycle switches to a optimal performance under same limit tem¬ 
perature, which is defined as ideal PM heat regenerative cycle (1-a- 
3'-4-l in Fig. 3) in this paper. The limit temperature can be ex¬ 
pressed as T 3 = T 2 = Ti 

According to the property of isentropic processes, it can be gi¬ 
ven that T a = T 3 = T^s k ~ 1 , Substituting s = (T 3 /Ti)^ into Eqs. (5) 
and (6) yields the net work output and efficiency of ideal PM heat 
regenerative cycle: 


W 

n~- 


c„[(l — + (le - l)r 3 Inp] 

d*-'-m 

(k - l)7- 3 In p 


( 11 ) 

( 12 ) 


Eqs. (11) and (12) show that the critical parameters for ideal PM 
heat regenerative cycle are the expansion ratio, the initial temper¬ 
ature and the limit temperature. For example, if the initial temper¬ 
ature Ti = 300K, the maximum temperature T 3 = 1800K, the 
expansion ratio p = 1.5, and k = 1.4 the efficiency of the ideal PM 
heat regenerative cycle can be p = 0.7889. However, this optimal 
condition can not be realize actually, because a very large compres¬ 
sion ratio and infinite capacitance of PM are required, as in this 
example, the corresponding compression ratio must be 60, it is 
hardly to reach. Thus the analysis of the ideal PM heat regenerative 
cycle is not discussed detailed in this paper. 


2.4. Availability analysis for the PM heat regenerative cycle 

The availability of a system in a given state is defined as the 
maximum reversible work that can be produced through interac¬ 
tion of the system with its surroundings, as it reaches thermal, 
mechanical and chemical equilibrium [16]. 

In order to further improve thermal efficiency of PM engine, 
analysis of availability in the PM heat regenerative cycle is neces¬ 
sary. Consequently, entropy is used as a state parameter to de¬ 
scribe availability and the value of entropy at initial state is 
taken appointed as zero. For the PM heat regenerative cycle, we 
have the value of entropy for each state 

Si =0; s 2 =0; s 3 = c v ln(T 3 /T 2 ) = c D ln(p 3 /p 2 ) = c v In A; 
s 3 / = s 3 + R\n(V 3 '/V 3 ) =c v lnA + (k - l)c 0 lnp; 
s 4 = s 3 ' = c v In A + (k - 1 )c v In p; 

The availability entering into the cycle is 

fin = 0.2-3 + 0.3-3' — ^1 (AS 2 — 3 + AS 3 _ 3 ') (13) 

The availability removing from the cycle is 

Tout = 0.4-1 — Ti AS 4 _i (14) 

The availability converting into net work output per cycle can be 
expressed as the algebraical summation of Eqs. (13) and (14): 
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E — t[ n + Fout 

= Q.2— 3 + 0.3-3' + 04-1 — ^1 (AS 2 -3 + AS 3 _ 3 / + AS 4 _i ) (15) 

Substituting the values of entropy at each state into Eq. (15), it can 
be given: 

E = c v (T 3 — T 2 ) + RT 3 In A + c u (Ti — T 4 ) (16) 

With same method, the availability destruction for each processes 
are expressed as followed: 

The availability destruction for isochoric heat regenerative 


process 

^ 2-3 = FiAs 2 _3 = T^c v ln2 (17) 

The availability destruction for an isothermal heating process 
I 3 _ 3 > = TiAs 3 _ 3 / = Ti(/< - l)c y In p (18) 

The availability destruction for isochoric heat released process is 
U -1 = — (O4-1 — TiAS 4 _i) 

= c v T 4 - TiC 0 [l + In A + (k - 1) lnp] (19) 

The total availability destruction is 

ftotal = h-3 + 1 3 - 3 ' + ^4—1 = 4 ~ T (20) 


The magnitude of contribution of each process to the total availabil¬ 
ity destruction are calculated by Eqs. (17)-(20). 

3. Numerical examples 

Based on the formulations presented in the previous section, a 
parametric study was conducted to analyze effects of p,Ti and T 3 
on the characteristics of the net work output versus efficiency for 
PM heat regenerative cycle with ideal thermodynamic model. 
Range of the initial temperature is Ti = 300-350 K, which is adja¬ 
cent to room temperature. The expansion ratio (p) in the PM heat 
regenerative cycle is limited by the volume of the PM, we take its 
value as in the range of 1 -2.4, which is less than that of the Dual cy¬ 
cle. The limit temperature (T 3 ) range is 1600-2000 K according to 
conventional engine. A standard value of 1.4 for k and a value of 
0.7165 kJ/(kgK) for C v are used in the calculations. Results of the cal¬ 
culations for above parameters ranges are shown in the following. 

Figs. 4 and 5 indicate respectively the net work output and the 
thermal efficiency versus the compression ratio s for the PM heat 
regenerative cycle without regard to the effect of irreversibility. 
In the figures, results for the conventional Otto cycle and Diesel cy¬ 
cle are also shown for a comparison. A same initial temperature of 
300 K and the maximum temperature of 1800 K are assumed for all 



Fig. 4. Comparison of the net work output for Otto, Diesel and PM heat 
regeneration cycle. 



Fig. 5. Comparison of efficiency for Otto, Diesel and PM heat regeneration cycle. 

cycles. The expansion ratio of the PM heat regenerative cycle is gi¬ 
ven as 1.5. The curves in Figs. 4 and 5 show clearly that the thermal 
efficiency rises continuously with the compression ratio while 
there exists a maximum for the net work output. The maximum 
net work output for the PM heat regenerative cycle is at s about 
10, and the corresponding thermal efficiency is about 0.6. As 
shown in Fig. 5, the thermal efficiency of the PM heat regenerative 
cycle is slightly lower than that of the Otto cycle, whereas much 
higher than that of Diesel cycle for the same compression ratio. 
On the other hand, Fig. 4 shows the net work output of the PM heat 
regenerative cycle is remarkably larger than that of Otto cycle for 
compression ratios larger than about 2. It should be noted that, 
for an actual engine, the compression ratio must exceeds certain 
value to ensure the realization of the actual cycle, therefore, the 
net work output of the PM heat regenerative cycle must be larger 
than that of actual Otto and Diesel cycle. That means the PM heat 
regeneration cycle can provide significantly more net work output 
at little expense of thermal efficiency. 

Fig. 6 shows the influences of the expansion ratio (p) on the net 
work output versus the efficiency for the PM heat regenerative cy¬ 
cle at a condition of Ti = 300 K and T 3 = 1800 K. It is shown that 
there exists a maximum net work output for constant expansion 
ratio, with the increasing of the expansion ratio, the maximum 
net work output increases greatly and the thermal efficiency corre¬ 
sponding to the maximum net work output increases also. When 
the expansion ratio equals 1 the cycle becomes an Otto cycle, 
whose net work curve is much lower than others. 

Fig. 7 shows the effects of the initial temperature T 3 on the net 
work output versus the thermal efficiency for the PM heat regener¬ 
ative cycle at a condition of p = 2.0 and T 3 = 1800 K. As shown in 
Fig. 7, the maximum net work output and the corresponding ther- 



n 

Fig. 6. Influence of p on the net work output versus efficiency characteristic. 
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mal efficiency both decrease with the increasing of the initial tem¬ 
perature, however, the change is not very evident. 

Fig. 8 shows the effects of the maximum temperature T 3 on the 
net work output versus the thermal efficiency for the PM heat 
regenerative cycle at a condition of p = 2.0 and T-i = 300 K. It is 
shown that there exists a maximum net work output for constant 
maximum temperature, with the increasing of the maximum tem¬ 
perature, the maximum net work output increases evidently and 
the thermal efficiency corresponding to the maximum net work 
output increases also. 



Fig. 7. Influence of it Ti on the net work output versus efficiency characteristic. 



n 


Fig. 8. Influence of I 3 on the net work output versus efficiency characteristic. 



Fig. 9. The magnitude of contribution of each process to the total availability 
destruction. 


Fig. 9 concentrates on the magnitude of contribution of each 
process to the total availability destruction. The proportion of the 
availability destruction of isochoric heat regenerative process (2- 
3), the isothermal heating process (3-3') and the isochoric heat re¬ 
leased process (4-1) to the total availability destruction are pro¬ 
vided, respectively. As shown in Fig. 9, the availability destruction 
of the isothermal heating process is the least one, which is always 
less than 20%. That means the special isothermal heat addition pro¬ 
cess in the PM heat regenerative cycle can play a positive role in 
reducing the availability destruction of the cycle. With the increas¬ 
ing of compression ratio, the availability destruction of the iso¬ 
choric heat released process decreases, on the contrast, those of 
the isochoric heat regenerative process and isothermal heating pro¬ 
cess increase. The availability destruction is mainly concentrated 
on the isochoric heat released process as compression ratio less 
than about 15. 

4. Conclusions 

This paper demonstrates an ideal model of the PM heat regen¬ 
erative cycle in a new type of PM engine. The novel feature of 
the PM heat regenerative cycle is the heat feedback and an isother¬ 
mal heat addition process are realized by using the porous medium 
as a heat recuperator. A relationship between the net work output 
and thermal efficiency is derived, and two limit conditions of the 
PM heat regenerative cycle are analyzed. The availability destruc¬ 
tions of each process within a working cycle are analyzed by meth¬ 
od of entropy analysis and the main source of energy loss in the 
engine is pointed out. Numerical computations show that the PM 
heat regenerative cycle can provide much larger net work output 
than that of an Otto cycle at a little expense of thermal efficiency, 
and the effects of expansion ratio and limited temperature on the 
net work output are evidently. It is worthwhile to point out that 
the special isothermal heat addition process in the PM heat regen¬ 
erative cycle can play a positive role in reducing the availability 
destruction of the cycle. The results obtained here could provide 
significant guidance for the performance evaluation and improve¬ 
ment of practical PM engines. 
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